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ABSTRACT
This paper gives a brief overview of the process of completely sealing and
permanently joining glass to a semi-conductor without the use of adhesives known as
anodic or electrostatic bonding. It is well known that this process will introduce thermal
strain due to different coefficients of thermal expansion between any metal or semiconductor and glass. This paper will also describe the effect of the MEMS packaging
process on various devices that are bonded electrostatically.
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CHAPTER I
BACKGROUND OF THE STUDY

Introduction

"MEMS" is an acronym used to describe microscopic devices that incorporate
both mechanical and electrical elements on a common substrate (Micro-ElectroMechanical Systems). Micro-Electro-Mechanical Systems is the integration of
mechanical elements, sensors, actuators, and electronics on a common silicon substrate
through the utilization of microfabrication technology [1]. These systems combine
standard integrated circuit (IC) technology with micron-size moving parts. MEMS is the
ultimate enabling technology for integration of almost any phenomena - motion, light,
sound, chemical detection, radio waves and computation, but on a single chip.
MEMS chip mounting or bonding methods and MEMS chip-substrate
interconnection techniques are seriously considered in MEMS packaging (which includes
stress decoupling, chemical passivation, electrical shielding and interconnections).
MEMS active elements are in direct contact with environmental physical and chemical
parameters, which degrade the reliability of the overall package. One particular bonding
method that is considered in MEMS packaging, that will be discussed in detail is known
as anodic bonding.
The discovery of anodic bonding dates back to 1969 when Wallis and Pomerantz
found that if an electric field is added between a metal as anode and a glass as cathode,
strong adhesion strength can be obtained with a lower temperature than using thermal
bonding [20]. This process is usually known as anodic bonding or electrostatic bonding.

This technique is used to join glass to metals and semiconductors at temperatures well
below the softening point of glass. The components to be joined are polished to a
smooth, flat surface fin.i,sh (e.g. 50 µm rms ), then heated to a temperature below the
softening point of the materials, but sufficiently high for ionic conduction to occur. A de
voltage is applied across the components such that the metal (or semiconductor) is at a
positive potential with respect to the glass. The voltage applied can vary from a few
hundred to three thousand volts, for bonding times of ten seconds to several hours. A
bond is fonned as a result of the joint interfaces being brought into close contact by the
electrostatic forces generated by ion migration in the glass. No external pressure is
applied other than that required to hold the components in contact.
Statement of the Problem

Integrated circuit testing and packaging have become so well advanced because of
the growth of the IC industry, their wide applications, and availability of industrial
infrastructure. However, for MEMS testing and packaging this is not the case. It is more
difficult to adopt standardized MEMS device packaging for wide applications although
MEMS use many similar technologies to IC packaging. Packaging of MEMS devices is
more complex since in some cases it needs to provide protection from the environment
while in some cases allowing access to the environment to measure or affect the desired
physical or chemical parameters.
Microscopic mechanical moving parts of MEMS have also their unique issues.
Therefore, testing MEMS packages using the same methodologies, as those for
electronics packages with standard procedures might not always be possible especially

when quality and reliability need to be assessed. MEMS package reliability depends on
package type, i.e. ceramic, plastic, or metal, and reliability of device. The MEMS device
reli~bility depends on its materials and wafer level processes and sealing methods used
for environmental protection. The challenges of MEMS packaging and reliability will be
discussed in this paper, as well as the analysis of the anodic bonding technique.
Purpose of the Study

The purpose of this research study is to analyze the process of anodic bonding and
the effects of packaging on a MEMS device. MEMS packaging presents the greatest set
of problems yet faced by the microelectronics industry. This paper will go in as much
detail as possible to compare and contrast IC packaging with MEMS packaging to find a
possible solution.

CHAPTER II
REVIEW OF LITERATURE

"Qackground of MEMS Technology

First developed in the late 1960s and then commercialized in the 1990s, MEMS
make it possible for systems of all kinds to be smaller, faster, more energy-efficient and
less expensive [10]. It is generally agreed that the first MEMS device was a gold
resonating MOS gate structure. While the electronics are fabricated using integrated
circuit (IC) process sequences (e.g., CMOS, Bipolar, or BICMOS processes), the
micromechanical components are fabricated using compatible "micromachining"
processes that selectively etch away parts of the silicon wafer or add new structural layers
to form the mechanical and electromechanical devices [6]. MEMS is about high-level
integration of many different categories of functions. This technology represents the
ultimate for integration and it will enable System on a Chip (SOP). This unification of
functions encompasses motion, light, sound, radio waves and much more [3]. MEMS is
an enabling technology allowing the development of smart products, augmenting the
computational ability of microelectronics with the perception and control capabilities of
microsensors and microactuators and expanding the space of possible designs and
applications.
Microelectronic integrated circuits can be thought of as the "brains" of a system
and MEMS augments this decision-making capability with "eyes" and "arms", to allow
microsystems to sense and control the environment [5]. Sensors gather information from
the environment through measuring mechanical, thermal, biological, chemical, optical,

and magnetic phenomena. The electronics then process the information derived from the
sensors and through some decision making capability direct the actuators to respond by
moving, positioning, regulating, pumping, and filtering, thereby controlling the
environment for some desired outcome or purpose. Because MEMS devices are
manufactured using batch fabrication techniques similar to those used for integrated
circuits, unprecedented levels of functionality, reliability, and sophistication can be
placed on a small silicon chip at a relatively low cost [3].
This is a rapidly emerging technology combining electrical, electronic,
mechanical, optical, material, chemical, and fluids engineering disciplines. For many
applications, MEMS is sure to be the technology of the future--and is nearly the
technology of the present [15].
MEMS Devices
As the smallest commercially produced "machines", MEMS devices are similar to
traditional sensors and actuators although much, much smaller. Micro-electromechanical
systems (MEMS) research is an outgrowth of the vast capabilities developed by the
semiconductor industry [1]. Processes originally developed for building microelectronic
devices are also useful for building MEMS devices that are capable of motion on a
microscopic scale. MEMS devices are used for numerous microsensor and microactuator
applications. Sensors detect acceleration, pressure differences, and magnetic fields, to
name a few. Actuators can drive microcomponents, including optical mirrors and
displays, photonic lattices, pumps, and turbines. MEMS devices can be so small that

hundreds of them can fit in the same space as one single macro-device that performs the
. same function (See Figure 1).
Components of MEMS

MlcroStructures

Figure 1: Components of MEMS Illustration

Cumbersome electrical components are not needed, since the electronics can be placed
directly on the MEMS device [7] . This integration also has the advantage of picking up
less electrical noise, thus improving the precision and sensitivity of sensors. Using IC
processes, hundreds to thousands of these devices can be fabricated on a single wafer.
This mass production greatly reduces the price of individual devices. Thus, MEMS
devices will be much less expensive than their macro-world counterparts [1].
MEMS research is an outgrowth of the vast capabilities developed by the
semiconductor industry. Processes originally developed for building microelectronic
devices are 'also useful for building MEMS devices that are capable of motion on a
microscopic scale. MEMS devices are built using two broad classes of techniques. In the

first, surface micromachining, a device is constructed in much the same way as a silicon
!ntegrated circuit (IC). As illustrated in the figure 2, various films such as polysilicon
(whose first layer is called Poly 0), silicon nitride, silicon dioxide, and metals are
deposited and patterned to produce a complicated, multilayered, three-dimensional
structure. Then a selective etch removes some of the layer materials, leaving a device
with movable elements (bottom figure). This last process, called a release step, is the
major difference between IC and MEMS device fabrication. MEMS devices are made
using IC batch-processing [2].

l\l.<-1,iJ

Figure 2: Polysilicon Metal 3-D Structure

Thus, even though fabrication may consist of complicated, multistep processes, the
devices are economical to produce, because many are made simultaneously. In addition,
designers and manufacturers can profitably use previous-generation equipment of the IC
fabrication industry. Nowadays, an IC factory costs more than $1 billion and is obsolete
in less than five years. So the ability to reuse its equipment for a new class of cuttingedge products is very appealing. IC fabrication techniques also allow designers to

integrate micromechanical, analog, and digital microelectronic devices on the same chip,
producing multifunctional integrated systems [2].
MEMS devices are typically fabricated onto a substrate (chip) that may also
contain the electronics required to interact with the MEMS device. Due to the small size
and mass of the devices, MEMS components can be actuated electrostatically
(piezoelectric and bimetallic effects can also be used). The position of MEMS
components can also be sensed capacitively. Hence the MEMS electronics include
electrostatic drive power supplies, capacitance charge comparators, and signal
conditioning circuitry [9].
MEMS devices have proven to be robust and long-lived, especially those devices
whose parts flex without microscopic wear points. Research into the effects of shock,
vibration, number of cycles of operation, thermal history, aging, and so forth has been
extremely active over the past decade, with the result that micromechanics can now
produce microscopic versions of most macromachines [ 1O].

Packaging of MEMS Devices
While MEMS fabrication technology has progressed rapidly during the past
decade, little attention has been given to the packaging of MEMS devices. Packaging of
MEMS devices is significantly more involved than standard IC packaging in that MEMS
packaging solutions must support device release steps, post release processing and
environmental interaction control in the addition to fulfilling the standard requirements of
mechanical support, electrical interconnection, and thermal management. Nevertheless,

MEMS packages should be small and inexpensive in order for the end product to be
commercially viable [8].
Packaging of MEMS devices is more complex since in some cases it needs to
provide protection from the environment while in some cases allowing access to the
environment to measure or affect the desired physical or chemical parameters.
Microscopic mechanical moving parts of MEMS have also their unique issues.
Therefore, testing MEMS packages using the same methodologies, as those for
electronics packages with standard procedures might not always be possible especially
when quality and reliability need to be assessed. Single MEMS chip packaging
approaches and their limitations in the packaging of high performance MEMS have been
researched previously and also identifies a need for a systematic approach for this
purpose. MEMS package reliability depends on package type, i.e. ceramic, plastic, or
metal, and reliability of device [ 11]. The MEMS device reliability depends on its
materials and wafer level processes and sealing methods used for environmental
protection. MEMS quality and reliability challenges are discussed and needs for study in
these areas are identified.

Types of MEMS Packages
Each MEMS application usually requires a new package design to optimize its
performance or to meet the needs of the system. It is possible to loosely group packages
into several categories. A few of these categories include: all metal, ceramic, plastic, and
thin-film multiplayer packages [4].

Metal packages are often used for microwave multichip modules and hybrid
circuits because they provide excellent thermal dissipation and electromagnetic shielding.
They can have a large internal volume while still maintaining mechanical reliability. The
package can use either an integrated base sidewalls with a lid or it can have a separate
base, sidewalls, and lid [4].
Ceramic packages have several features that make them especially useful for
microelectronics as well as MEMS. They provide low mass, are easily mass-produced,
and can be low in cost. They can be made hermetic, and can more easily integrate signal
distribution lines. They can also be machined to perform many different functions. By
incorporating multiple layers of ceramics and interconnect lines, electrical performance
of the package can be tailored to meet design requirements. These types of packages are
generally referred to as cofired multiplayer ceramic packages [4].
Plastic packages have been widely used by the electronics industry for many years
and for almost every application because of their low manufacturing cost. Plastic
packages are hermetic, and hermetic seals are generally required for high reliability
applications. The packages are also susceptible to cracking in humid environments
during temperature cycling of the surface mount assembly of the package to the
motherboard [4] .
Within the broad subject of thin-film multi player packages, two general
technologies are used. One technology uses sheets of polymide laminated together in a
way similar to that used for the Low Temperature Co-fired Ceramic (LTCC) packages
described above, except a fining firing is not required. Each individual sheet is typically

25 µm and is processed separately using thin-film metal processing. The second
technique also uses polymide, but each layer is spun onto and baked on the carrier or
substrate to form 1- to 20 µm-thick layers [4].
MEMS Applications
MEMS have shown significant promise in the last decade for a variety of
applications such as sensors for air-bag deployment (accelerometers), pressure sensors,
accelerometers, micro gyros, chemical sensors, artificial nose, etc. Standard
semiconductor microelectronics packaging protects the integrated circuits (IC) from the
harsh environment, provides electrical communication with the other parts of the circuit,
facilitates thermal dissipation efficiently, and imparts mechanical strength to the silicon
die [5].
Microelectronics packaging involves wafer dicing, bonding, lead
attachment/interconnects, encapsulation to protect from the environment, electrical
integrity, and package leak tests to assure reliable IC packaging and interconnect
technology [7]. Applications of MEMS sensors and their packaging technology have
been under rapid development in the last decade or so. Thick and thin film technology
can be used to produce an electronic circuit for sensor adjustment, (nulling, offset,
calibrating sensitivity) temperature compensation and signal processing. The MEMS
package includes a MEMS device and a signal conditioning electronic circuit. The
electrical signal from the MEMS sensors is mainly low level, and therefore, very
sensitive to some kind of interference. The electronic circuit has significant influence on
the accuracy and long-term stability of the MEMS package [16].

Active elements or microstructures in MEMS devices often interface with the
hostile environment where package leak tests and testing of such devices using chemical
and mechanical parameters will be very difficult and expensive. Packaging of MEMS is
complex as the package protects the device from the environment and the microstructures
must still interact with the same environment to measure or affect the desired physical or
chemical parameters. The challenge to the MEMS sensor manufacturer is to develop
packaging technologies that meet all the necessary performance and reliability criteria
while keeping assembly costs to a minimum [11]. In the case of MEMS, the packaging
needs to be considered very early in the design cycle, and adequate consideration must be
given to the end use environmental conditions in which MEMS will be placed. Anodic
bonding, and other methods, greatly expands the packaging possibilities - particularly for
MEMS applications [18].

Wafer Bonding Research
It is well known that "intimate contact" and "temperature" are two major factors
for the bonding process and bonding is the key in device packaging. "Intimate contact"
puts two separated surfaces together and "temperature" provides the bonding energy [8].
In 1983, Anthony did a theoretical study on the effects of surface roughness to the anodic

bonding process [20]. He concluded that surface imperfection affects the bonding
parameters including temperature, time and applied forces. Although "reflow" or
"mechanical polishing" processes can improve the surface flatness, yet these processes
are not readily applicable in most of the MEMS fabrication processes. On the
temperature side, many commonly used bonding methods such as fusion and anodic

bonding require high temperatures that may damage the devices and cause thermal stress
problems. On the other hand, raising the processing temperature may be inevitable to
achieve good bonds [ 19].
The anodic bonding technology has been widely used for protecting on-board
electronics in biosensors and sealing cavities in pressure sensors [19]. Many reports have
also discussed the possibility of lowering the bonding temperature by different
mechanisms [13] . Unfortunately, the possible contamination due to excessive alkali
metal in the glass; possible damage to microelectronics due to the high electrical field;
and the requirement of flat surface for bonding limit the application of anodic bonding to
MEMS post-packaging [8].
Table 1 (See Appendix A) summarizes all the MEMS packaging and bonding
technologies and their limitations [8] . An innovative bonding approach by localized
heating and bonding is also presented. This new approach aims to provide high
temperature in a confined region for achieving excellent bonding strength and to keep the

temperature low at the wafer level for preserving MEMS microstructures and
microelectronics. The localized heating approach introduces several new opportunities.
First, better and faster temperature control can be achieved. Second, higher temperature
can be applied to improve the bonding quality. Third, new bonding mechanisms that
require high temperature such as brazing [17] may now be explored in MEMS
applications. As such, it has potential applications for a wide-range of MEMS devices
and is expected to advance the field of MEMS packaging [8] .

.

CHAPTER III
METHODOLOGY
Materials and Instruments Used
Anodic bonding is commonly used for joining glass to silicon for many
micromechanical applications. The materials used in this process include the silicon (Si)
wafer, Pyrex 7740 glass wafer (used in most cases), and a cleaning solution called
isopropyl. The instruments used in the bonding process include the hot plate, aluminum
plate, probe stand, voltage power supply, connecting wires, and a thermocouple.

Silicon Wafer
Silicon wafers come from silicon-growth crystals. However, pure silicon
does not exist in nature. It is believed that silicon (Si) is the "second most
abundant element in the earth's crust and a component in numerous compounds
(4)." Usually, silicon is found together with silica (impure SiO2) and the silicates
(Si + 0 + another element). Since it is never found to be a single pure element in
nature, pure silicon is a man-made material.
To obtain pure silicon from its compound, numerous processes are
involved. First, there must be a silicon compound. This silicon compound is then
put into a purifying and separation process. The silicon compound is placed into
an electric furnace and is heated with carbon. At a certain point, when the
temperature rises high enough, the silicon compound will melt. When the silicon
melts and becomes liquid, the carbon will pull the oxygen away from the impure
Si 02. This will reduce the level of SiO2 in the compound, which means that the

silicon compound has more silicon element than 02, and it can be assumed that
the compound is impure silicon. The impure silicon is then chlorinated to yield
SiC14 or SiHC13. Now the SiC14 or SiHC13 is in a liquid state at room
temperature. Then, this SiC14 or SiHC13 is chemically treated in a reaction that
yields pure silicon. This chemical reaction occurs through the heating of SiC14 or
SiHC13 in a hydrogen atmosphere. For example, for the SiC14, the reaction
process can be described as:
SiC14 + 2H2

➔

4HC1 + Si (4).

To obtain a silicon crystal, pure silicon is cooked by using a method
known as the Czochralski. Figure 3 shows the Czochralski method for growing
silicon crystal.
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Figure 3: Czochralski Method
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Through the Czochralski method, the pure silicon is placed in a quartz crucible
and heated in an inert atmosphere to melt the silicon. A small silicon crystal is
initially prepared and is used as a tool to pull out the melted silicon. The small
silicon crystal is called a silicon "seed" crystal. It is clamped to a metal rod and
then dipped into the melting silicon.
Once the silicon seed crystal comes in contact with the melted silicon, its
thermal temperature will increase. At the same time, the temperature of the
melted silicon that is closed to the silicon seed crystal will decrease. Eventually,
the two different temperatures at the contact will reach equilibrium. At _this point
the melted silicon begins to freeze and stick onto the silicon seed crystal. This
freeze silicon can be viewed as part of the extension of the silicon seed crystal.
Then the silicon seed crystal is allowed to rotate slowly. While it is rotating, it is
. also being pulling upward from the melted silicon. As the silicon seed crystal is
pulling out, it allows more melt silicon to freeze from the bottom of the silicon

.
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.

...

..•,,w...
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.....
seed crystal. The freeze silicon, which is an extension of the silicon seed crystal,
is the silicon crystal that we want, and it is also known as an ingot. It is in a
cylindrical shape and about 200mm in diameter and one to two meters in length.

This ingot or silicon crystal is then cut into thin pieces, circle shapes, which are
known as silicon wafers. Figure 4 shows example of silicon wafers.

Figure 4: Silicon Wafer

Pyrex 7740 Glass

The glass that is used for the anodic bonding is a special man made glass
also known as Pyrex borosilicate glass. This type of glass has a sodium oxide
(Na20) content of 3.5 percent. The reason that the Pyrex borosilicate glass is
picked over other substances to bond with silicon is that it has a thermal
expansion coefficient closely matches that of silicon. Other advantages of glass
to silicon bonding are the benefits of the electrical, thermal and optical properties
of the glass. Many experiments show that the glass provides dielectric isolation
properties that significantly reduce parasitic capacitance in capacitance

transducers. In manufacturing, the optical transparency of glass is taken
advantage to enable backside visual inspection of microstructures (5).

Procedure
The anodic bonding process consists of several steps that can vary from person to
person. First, the aluminum plate is placed on the hot plate and the hot plate is set to
about 450° C. Then, the surfaces of the silicon (Si) and glass wafers are then cleaned
with the isopropyl solution. The silicon substrate is then placed on the aluminum plate,
which is on the hot plate. The glass wafer is then properly aligned on top if the Si wafer
and heated for at least 1 minute. When the temperature reaches approximately 450° C,
the voltage power supply is turned on and applied to the top of the glass wafer. For
added pressure, a weight may be added to ensure voltage contact. After about 20
minutes, the voltage is removed and the hot plate is turned off. Finally, after the hot plate
has cooled, the now bonded wafers are removed and placed into a sample container.
Compared to thermal bonding, anodic bonding has the advantage of lower process
temperature and less stringent requirement for surface quality. The Si-to-glass bonding is
hermetic and the strength is even higher than the substrate. The creation of a SiO 2 layer
between the Si-glass interface is believed to be the main reason for the strong bonding.
The bonding mechanism is usually explained from an electrochemical viewpoint. At an
elevated temperature, the migration of sodium toward the cathode makes a high electric
field in the interface and pulls the glass and Si into very close contact.

The high temperature helps to create the covalent bond between the interface. A basic
schematic of the anodic bonding set-up is as shown in Figure 5.
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Figure 5: Anodic Bonding Apparatus

MEMS Manufacturing Process

As mentioned earlier, microelectronics packaging involves wafer dicing, bonding,
lead attachment/interconnects, encapsulation to protect from the environment, electrical
integrity, and package leak tests to assure reliable IC packaging and interconnect
technology. Since its evolution in the 1980s, the Micro Electro Mechanical systems
(MEMS) technology has experienced a tremendous change. What started as a simple
academic exercise 20 years ago has now become an integral part of several electronic
products used in the market. Because of the substantial promise that MEMS offers in a
wide range of industries, it has been termed as the emerging technology. Over the years,
MEMS has evolved to a manufacturing technology that has revolutionized the making of

complex electromechanical systems by using batch fabrication techniques that are very
similar to the way integrated circuits are made.
Because many of the processes employed for MEMS manufacturing originated in
the semiconductor industry, the silicon is used for MEMS substrates. This raises the
question of how MEMS is different from semiconductors. The answer lies in the fact that
the MEMS process has developed away from the traditional semiconductor technology.
Although the MEMS process originated from the semiconductor manufacturing process,
the last decade has seen the processing methodology for MEMS devices evolve
independently. Unlike semiconductor fabrication, MEMS-specific manufacturing
process creates moving parts on wafers by removing sacrificial layers beneath desired
mechanical structures. Moreover, in many cases, MEMS processing may fuse wafers
into one stack thereby creating large multi-layer devices. Semiconductor foundries have
process lines that are optimized for commodity production. MEMS foundries, on the
other hand, have become highly specialized and flexible to accommodate newly
developed MEMS processes.
Processing Technologies Involved
The two main process technologies involved in MEMS include surface
micro machining and bulk micromachining. Of these, surface micromachining is
the most widely used by companies to build electromechanical structures in
silicon.
Surface micromachining consists of processes that are used to fabricate
microelectromechanical structures from films deposited on the surface of a

'

substrate. It was one of the first techniques to be widely adopted for MEMS
fabrication. Surface micromachining technique involves a thin film polysilicon
process. In this process, released and movable structures are fabricated on a
single crystal silicon substrate from thin layers of polysilicon deposited on a
sacrificial layer of silicon dioxide (See Figure 6). Typical applications for this
method include actuators and electrostatic motors.
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In Figure 6, silicon nitride (an insulator) is deposited [Fig. l(b)] on a
substrate which is usually silicon [Fig. 1(a)]. After desposition, a sacrificial layer
of oxide is deposited. Typically, this layer is 1 to 2 microns thick [Fig. l (c)].
Holes are then patterned and etched in the oxide as shown in Fig. l(d). These will
serve as anchor points for the moveable layer to the insulating nitride. A
polysilicon layer, typically 1-2 microns thick, is deposited and patterned [Fig.
l(e)] . Finally, the entire substrate or surface is placed in an etch which dissolves
away the oxide, leaving a free-standing moveable structure anchored to the
substrate in predetermined points [Fig. l(f)] . This is the essence of surface
micromachining.
Another key feature of this technology is that the materials and etches
used in producing the moving element (in the above case, a cantilever) are
identical to those used in semiconductor manufacturing of high-volume computer
chips. This enables the technology to leverage the enormous capital expenditures
and research used in regular chip processing and development. Another element
in the technology is the ability to create a large number of different structures
from the same process using only changes in patterning.
Finally, the largest advantage in this technology comes from the abilitv
integrate mechanical structures with electronic circuits. Since the size of th
mechanical elements are very small, the ability to sense their position with ...,
precision requires electronics in the proximity of the structures in order to

minimize parasitics and noise. The process allows for such electronics to be
integrated, allowing better sensor performance, higher reliability, and more value
added functions while at the same time reducing cost and size. The latter enables
sensors to be more widely used in a host of new products.
The second category of MEMS processes uses the bulk material or
substrate, single crystal silicon (SCS), for example, to form movable
microstructures by etching directly into the bulk material. This approach to
micromachining is called bulk micromachining. Etching is process that where
acid is used to incise the wafer. In bulk micromachining, the structures are
shaped by etching a single large crystal substrate. Silicon is the most widely used
substrate. Bulk micromachining consists of two basic etching methods: wet
etching and dry etching. In this process, bulk wafers of Si are etched using either
anisotropic wet etching with, for example, potassium hydroxide, or plasma
techniques such as deep reactive ion etching. Deep reactive ion etching (DRIE) is
particularly noteworthy because it allows one to etch cavities with nearly vertical
walls completely through a Si wafer. These methods are used to manufacture
beams and membrane structures for sensors for alignment devices.
The process that combines elements of both classes of techniques is LIGA
(an acronym for the German words for lithography, electroplating, and molding)
which uses a thick photoresist, typically exposed with a synchrotron source,
followed by the electrodeposition of a thick metal such as nickel. This technique
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spans the range from micro to macro, allowing for the fabrication of devices with
dimensions ranging from microns to millimeters.
Other key techniques include wafer bonding that allows stacking of wafers
with microstructures, deep X-ray lithography combined with plating and molding
(LIGA) to create high-precision, high-aspect-ratio microstructures, laser
micromachining, electro-discharge micromachining (EDM), thin-film or
monolayer self assembly, etc. The table below shows a comparison of IC
processes and micromachining processes.

Table 1: MEMS Processes

CHAPTER IV
ANALYSIS AND CONCLUSION
Functions of MEMS Packages
The package serves to integrate all of the components required for a system
application in a manner that minimizes size, cost, mass, and complexity. The package
provides the interface between the components and the overall system. The main
functions of the MEMS package include mechanical support, protection from the
environment, and electrical connection to other system components.
Mechanical Suim.ort
Due to the very nature of MEMS being mechanical, the requirement to
support and protect the device from thermal and mechanical shock, vibration,
high acceleration, particles, and other physical damage (possibly radiation) during
storage and operation of the part becomes critical. The mechanical stress endured
depends on the type of application.
The coefficient of thermal expansion (CTE) of the package should be
equal to or slightly greater than the CTE of silicon for reliability, since thermal
shock or thermal cycling may cause die cracking and delamination if the materials
are unmatched or if the silicon is subject to tensile stress. Other important
parameters are thermal resistance of the carrier, the material's electrical properties,
and its chemical properties, or resistance to corrosion.

Once the MEMS device is supported on a (chip) carrier, the wire bonds or
other electrical connections are made, the assembly must be protected from
scratches, particulates, and other physical damage. This is accomplished either by
adding walls and a cover to the base or by encapsulating the assembly in plastic or
other material. Since the electrical connections to the package are usually made
through the walls, the walls are typically made from glass or ceramic. The glass or
ceramic can also be used to provide electrical insulation of the leads as they exit
through a conducting package wall (metal or composite materials). Although the
CTE of the package walls and lid do not have to match the CTE of silicon based
MEMS as they are not in intimate contact (unless an encapsulating material is
used), it should match the CTE of the carrier or base to which they are connected.
Protection From Environment
♦

The Simple - Mechanical only
Many MEMS devices are designed to measure something in the

immediate surrounding environment. These devices range from biological
'sniffers' to chemical MEMS that measure concentrations of certain types of
liquids. So the traditional 'hermeticity' that is generally thought of for protecting
microelectronic devices may not apply to all MEMS devices. These devices might
be directly mounted to a printed circuit board (PCB) or a hybrid-like ceramic
substrate and have nothing but a 'housing' to protect it from mechanical damage
such as dropping or something as simple as damage from the operator's thumb.

♦

The Traditional - Hermetic and non-Hermetic
Many elements in the environment can cause corrosion or physical

damage to the metal lines of the MEMS as well as other components in the
package. Although there is no moisture in space, moisture remains a concern for
MEMS in space applications since it may be introduced into the package during
fabrication and before sealing. The susceptibility of the MEMS to moisture
damage is dependent on the materials used in its manufacture. Also, junctions of
dissimilar metals can corrode in the presence of moisture. Moisture is readily
absorbed by some materials used in the MEMS fabrication, die attachment, or
within the package; this absorption causes swelling, stress, and possibly
delamination.
Electrical Connection to Other System Components
Because the package is the primary interface between the MEMS and the
system, it must be capable of transferring DC power and in some designs, RF
signals. In addition, the package may be required to distribute the DC and RF
power to other components inside the package. The drive to reduce costs and
system size by integrating more MEMS and other components into a single
package increases the electrical distribution problems as the number of
interconnects within the package increases [4].

Current Paclraging Issues of MEMS Devices
MEMS packaging has become a major manufacturing issue for
commercialization. In the past twenty years, the application of microelectronic
technology to the fabrication of mechanical devices stimulated emerging research in
semiconductor. microsensors and micraactuators. MEMS_enable fuede..velopment .of
smart products based on control capabilities of microsensors and microactuators
(microvalves, micropumps, optical switches, imaging displays, and microrelays, etc.).
Microactuators used one of a variety of integrated actuator mechanisms based on
electrostatic, magnetic, or bimetallic phenomena. The microsensors gather information
from the environment through measuring mechanical, thermal, biological, chemical,
optical, and magnetic phenomena. The microelectronics process the information derived
from sensors and, through some decision making capability, direct the microactuators to
respond by moving, positioning, regulating, pumping or filtering, thereby controlling the
environment for some desired outcome or purpose (17].
Simple MEMS devices have been in production for years in various systems, but
developers can recite numerous packaging problems yet to be solved for more complex
applications. Current MEMS applications include impact sensors that trigger airbags in
cars and devices that direct ink onto paper in ink-jet printers [1]. Other MEMS products
include accelerometers, gyroscopes, movable mirrors, mirospectrophotometers, chemical
analyzers, optical switches, tunable capacitors, infrared imagers, microrelays and
pressure sensors.

.
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Today's MEMS packaging can be divided into two very different approaches,
protection at wafer level and protection at package level. To protect MEMS functions at
package level places the responsibility and package selection in the hands of traditional
military style, robust and preferably hermetic technologies. This is a branch of the
packaging industry in rapid decrease. The main trend in military and other high reliability
electronics is to turn to packaging with less performance requirements, so called
Commercial Off The Shelf, COTS, electronics. Wafer level packaging and protection of
MEMS structures at wafer fabrication opens up the possibility of using either very low
cost packaging that are not hermetic, such as plastic packages [16].

r.

Challenges in MEMS Packaging

As mentioned previously, packaging provides mechanical support to the sensitive
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chip, which facilitates the handling of the chip and simplifies assembly. Due to the fact
that MEMS often must be in contact with the operating environment, there are many
challenges in packaging a MEMS device.
Packaging of MEMS is considerably more complex as they serve to protect from
the environment, while, somewhat in contradiction, enabling interaction with that
environment in order to measure or affect the desired physical or chemical parameters. A
package must also provide communication links through optimum interconnect scheme,
remove heat through suitable selection of heat sinks, and provide robustness in handling
and testing. The materials used for package should be selected to withstand not only
handling during assembly and testing, but also throughout the operational environment of
the product. Its robustness must be proven in terms of mechanical and thermal shocks,
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vibration, and resistance to chemical and other conventional life cycling tests especially
needed for space applications.
The package must also be capable of providing an interior environment
compatible with any particular constraints that may affect device performance and
reliability. For example, a resonator might need a good vacuum for its operation and
packaging scheme need to provide such requirement. MEMS can be integrated with
associated electronics on the same chip to produce better electrical output. Integration can
be done in the same wafer level or through wafer bonding or utilizing multi-chip module
earners.
MEMS technology is currently used in low- or mediwn-volume applications.
Some of the obstacles preventing its wider adoption are: limited options, packaging, and
fabrication knowledge required.
Most companies who wish to explore the potential of MEMS technology have
very limited options for prototyping or manufacturing devices, and have no capability or
expertise in microfabrication technology. Few companies will build their own fabrication
facilities because of the high cost. A mechanism giving smaller organizations responsive
and affordable access to MEMS fabrication is essential.
The packaging of MEMS devices and systems needs to improve considerably
~

from its current primitive state. MEMS packaging is more challenging than IC packaging
due to the diversity of MEMS devices and the requirement that many of these devices be
in contact with their environment. Currently almost all MEMS development efforts must
develop a new and specialized package for each new device. Most companies find that

packaging is the single most expensive and time-consuming task in their overall MEMS
product development program. As for the components themselves, numerical modeling
and simulation tools for MEMS packaging are virtually non-existent. Approaches that
allow designers to select from a catalog of existing standardized packages for a new
MEMS device without compromising performance would be beneficial.
Currently the designer of a MEMS device requires a high level of fabrication
knowledge in order to create a successful design. Often the development of even the most
mundane MEMS device requires a dedicated research effort to find a suitable process
sequence for fabricating it. MEMS device design needs to be separated from the
complexities of the process sequence.
Other Developments in MEMS Technology

Nanotechnology (including the fabrication of metallic and magnetic nanowires,
nanotubes and quantum wires) is an important area of research and development. There
are many applications for which metallic and magnetic nanowires may become
important: for electronic and opto-electronic nanodevices, for metallic interconnects of
quantum devices and nano devices, and to explore the limits of magnetic storage.
Nanowires are likely to have many other applications in nanotechnology areas such as
nanoprobes.

.

The term "nano" refers to those structures or phases that are on the scale of
nanometer dimensions. A nanometer is a billion times smaller than a meter. Typically,
when nanometer sized entities are usually referred to dimensions less than 100nm.
Semiconductor nanowires are one-dimensional structures, with unique electrical and
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optical properties, that are used as building blocks in nanoscale devices. Their low
dimensionality means that they exhibit quantum confinement effects. For example,
narrowing the wire's diameter increases its band gap, compared to the bulk material. The
use of nanowires may occur in the microelectronics industry in the face of smaller and
smaller devices. Metal lines on semiconductor devices are entering the nanometer size
domain. Metallic nanowires in carbon nanotubes or other templates may be the future of
special composite materials. Nanowires may also be used in micromechanical devices.
Conclusion

The capacity to sense, analyze, compute and control, all within a single chip, will
provide new and wonderful products during this decade and the years to come. While
package challenges are substantial, progress is accelerating. The need to control and
regulate the package atmosphere will be critical. Stiction and wear problems may be
solved in the future with new vacuum-applied polymers. Getters and emerging control
agents appear to offer a practical and cost-effect solution today and for future generation
MEMS products.

~
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APPENDIX A
Summary of Bonding Mechanisms. LH = Localized Heating [9]
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APPENDIXB

Glossary of MEMS Terminology
Anchor: A point at which part of a MEMS device is secured to the substrate to prevent
part from moving etc.
ASIC: Application Specific Integrated Circuit.
Behavioral Model: An efficient reduced order model characterizing the response of a
device or system to a range of input.excitations.
BGA:: Ball Grid Array: A style of chip package that sues an array of solder balls to
achieve very high interconnect densities.
BioMEMS: MEMS systems with applications for the biological / analytical chemistry
market..
BioFlip:A Biological Chip, BioMEMSchip packaged using Flip chip technology.
CIF File: ASCil based 2D layout file format used to transfer layout information between
EDA tools, by Foundry to generate fabrications masks.
CMOS: Complimentary Metal Oxide Semiconductor: A type of integrated circuit /
fabrication process based on insulated gate field effect transistors, similar to MOS, but
uses complimentary MOS transistors to provide the circuits basic logic functions. The
process layers from top to bottom are: Metal, insulating oxide, semiconductor. CMOS is
finding many applications in surface micro machined MEMS fabrication.
CMP: Chemical Mechanical Polishing: A polishing process used to make the fabrication
wafers as flat as possible.
Comb Drive: An electrostatic actuated MEMS device consisting of inter-digitated
fingers similar to a comb. The comb has two halves, a fixed and a movable part. A
potential difference applied across the two parts results in an attractive electrostatic force
that pulls the combs together. Both linear and radial formats exist. They form the basis of
inertial sensors and RF resonators.

CVD:: Chemical Vapor Deposition: A SEMICON process used to deposit material onto
a wafer using chemical reactions on the wafer surface to modify the material during
processmg.

DARPA: The Defense Advanced Research Projects Agency. The central research and
development organization for the Department of Defense (DoD). It manages and directs
selected basic and applied research and development projects for DoD, and pursues
research and technology where risk and payoff are both very high and where success may
provide dramatic advances for traditional military roles and missions and dual-use
applications.
Die: The square or rectangular section of a wafer onto which an single integrated circuit
is fabricated.
Dimple: A small feature or bump, typically a raised square on the surface of a MEMS
device. Dimple can be used as mechanical stops. e.g. to control the touch down in a high
aspect ratio device.

DLP: Digital Light Processing. A micromirror display technology commercialized by
Texas Instruments. Each image pixel in a large array is represented by an electrostatic
driven MEMS Mirror. This reflective technology is far brighter than transmission LCD
technology. Technology is widely licensed to conference display projector manufactures
such as Proxima and InFocus.
DRC: Design Rule Checking: A process, typically fully automated by the layout EDA
software that check a layout for fabrication feasibilty based on a built in knowledge base.

DRIE: Deep Reactive Ion Etching. A fabrication technology that allows lower aspect
ratio devices or deep features.

DXF: The AutoDEsk Drawing eXchange Format: A drawing format that is commonly
used to transfer layout information between EDA tools, and by the Foundry to generate
fabrications masks.

EDA: Electronic Design Automation. EDA is to an electronic engineer what CAE is to a
mechanical engineer. Traditional EDA software providers are Cadence & Mentor
Graphics.
Fab: Fabrication Facility. SEMICON industry term for a foundry.

FED: Field Emission Display: A display technology using arrays field emission tips.
FlipCbip: A style of integrated circuit packaging that flips the chip over into another
chip so that their functional surfaces are facing, and in close proximity to one another.
Foundry: The factory where the devices are manufactured. This is at the wafer level.
Same as "Fab".
GaAs: Gallium Arsenide. An alternative semiconductor to silicon that is electronically
faster, but more expensive and difficult to work with!

GDS II: 2D mask layout Binary file format used file format used to transfer layout
information between EDA tool, and by the Foundry to generate fabrications masks. There
are two flavors, "Manhattan" where devices have edges composed of straight line, and
"Boston" where devices can have true curves.

GLV: Grating Light Valve. A MEMS display technology. Incident light is reflected from
each of multiple ribbon-like structures that represent a particular "image point" or pixel.
The ribbons can move a tiny distance, changing the angle and attenuation of reflected
light. Grayscale tones are achieved partly by varying the speed at which given pixels are
switched on and off. The resulting image can be projected in a large auditorium with a
bright light source or on a small appliance using low-power LEDs as a light source.

HARM: High Aspect Ratio MEMS. MEMS manufacturing techniques including surface
micromachining that result in high aspect ratio geometry.
HDL: Hardware Description Language. Similar to SPICE, an efficient method of
reduced order modeling electronic components and systems. HDL-A applies to Analog
circuits.
HDL-A/MS: HDL applied to Analog/ Mixed Signal systems. Also referred to as VHDLA/MS. The V preffix stands for VLSI.
Lab-on-chip: MEMS technology applied to analytical instrumentation. The instrument is
reduced in size such that it fits onto one chip.
Lab-on-CD: MEMS / Microfluidic technology applied to analytical instrumentation. The
resulting instruments fits onto a standard CD-ROM.
Lumped Parameters: Simple parameters describing a device such as a mass, spring

constant, damping factor that can be used as an analytical representation of the real
device. The parameters used in reduced order modeling.

M3S: Modular Monolithic MEMS. A fabrication process that enables both CMOS
circuitry and MEMS to be created on the same chip.
MAP: Manifold Absolute Pressure. An automotive industry pressure sensor used to sense
fuel injection inlet air pressures for 2D and 3D fuel mapping.
MEMS: Micro-Electro-Mechanical-Systems.
MEMS Pro: A PC based MEMS layout, design and simulation package marketed by
MEMSCAP, originally developed by Tanner EDA.
Microfluidics: A general term for MEMS fluidic devices.
MicroFlumes: Micro Fluidic Molecular Systems. Micro I chip scale systems based on
fluid-based protocols and operations, such as chemical/biochemical reaction, transport,
synthesis, and engineering. Instead of relying on pumps, valves, filters, mixers, and tubes
as system components in the standard sense, a MicroFlumes channel network may pump,
mix, heat, separately, or perform other functions within the channel network itself. The
key here is that control functionality is totally integrated in the channel itself.
MicroTiP: A single, field emission Tip used in FED display technology and fast cold
cathode vacuum electronics. Derived from the tip used in a scanning -tunneling electron
microscope.

MMIC: Microwave Monolithic Integrated Circuit.
MOEMS: Micro-Optical-Electro-Mechanical systems.
MOS: Metal Oxide Semiconductor: A type of integrated circuit fabrication fabrication
process based on insulated gate field effect transistors originating from the VLSI
industry. The process layers from top to bottom are: Metal, insulating oxide,
semiconductor.
MST: Micro-System-Technology. A more general statement of MEMS including optical
and fluidic systems. MST is a more common term than MEMS in Europe and Japan.
MTO: Microsystems Technology Office. DARPA's Microsystems Technology Office
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(MTO) focuses on the heterogeneous microchip-scale integration of electronics,
photonics, and MEMS to produce a broad array of interface systems; sensors, sources,
actuators, and displays; signal processors; and packaging and interconnect systems.

MUMPS: Multi-User MEMS Process. Foundry process & standard developed by
Cronos. The process allow several device I system designs to be fabricated
simultaneously on one wafer.

NMOS: Negative-Channel Metal-Oxide Semiconductor: A type of integrated circuit
using n-doped semiconductors negatively charged) so that transistors function by the
movement of electrons. In contrast, PMOS (Positive-Channel MOS) works by moving
electron vacancies (holes). NMOS is faster than PMOS, but also more expensive to
produce.
Polysilicon: Polycrystalline Silicon, used as the structural material for many MEMS
devices.

PMOS: Positive channel Metal Oxide Semiconductor. (see NMOS).
PVD: Plasma Vapor Deposition: A SEMICON process used to deposit material onto a
wafer by ionizing a gas plasma (typically via microwave radiation). In PVD chemical
reactions occur in the gas/plasma phase, as opposed to on the surface of the wafer in
CVD.

Q Factor: Quality factor. A measure of the sharpness of resonance of an electronic /
electromechanical resonator component. A device with a High Q factor has a sharp, large
magnitude, well defined resonance. It is defined as the ratio of the reactance to the
effective series resistance of a component.
ROM2: Reduced Order Macro Model.
Smart Matter: Another term for :MEMS
SOI: Siiicon on Insulator: A type of fabrication process where siiicon is deposited
insulating substrate. Tne process layers from top to bottom are: Semiconductor, insuim.or_
SPICE: Simuiation Program for Integrated Circuits Emphasis. An Eiectronic Circ ·
simulator used to verify circuit designs and predict the circuit behavior.

Sl.Jl\'L.'1it: Sandia Ultra Planar, Multi-levd :MEMS Technology. The Sandia n't!:: .f..r....,.

fabrication process, consisting of a four-level polycrystalline silicon surface
micromachining process. One ground plane/electrical interconnect and three mechanical
layers. There is also a 5 layer version called SUMMit V.

Surface Micromachining: An additive fabrication technique which involves the
building of a device on the top surface of a supporting substrate. This technique is
relatively independent of substrate; therefore, it can be easily mixed with other
fabrication techniques which modify the substrate first.

Technology File: A file that is normally paired with a 2D layout file that describes the
fabrication process steps required to achieve the 3D finished MEMS or IC.
Tether: See anchor.
Thermal Actuator: An electro-thermally actuated MEMS device. A current passed
though the device causes Joule (12R) heating resulting in differential thermal expansion
of the device, which can be used to extract a relatively large mechanical deformation.
T-Spice: A version of SPICE developed by Tanner Research Labs and part of MEMS
Pro.

VLSI: Very Large Scale Integration:The fabrication technology for concentrating many
thousands of semiconductor devices into a single integrated circuit. Strictly speaking
VLSI is in the range of> 10,000 transistors but less than 1,000,000 transistors.

ULSI: Ultra Large Scale Integration: The fabrication technology for concentrating >
1,000,000 transistors into a single integrated circuit.

Wafer:: The circular piece of silicon, sapphire or other substrate material onto which the
MEMS & integrated circuits are fabricated. A wafer normally consists of multiple dies,
one IC per die. Wafers are available in 4", 6", 8" and 12" (300mm) diameters.
*Taken From ANSYS Incorporated
http://www. ansys. com/ansys/mems/mems repository/ glossary.htm
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